Introduction
============

Hepatocellular carcinoma (HCC) is one of the most common malignancies with high rates of incidence and mortality.[@b1-ott-12-2373] It is the second leading cause of cancer mortality, lending to this, HCC is a serious health burden worldwide.[@b2-ott-12-2373],[@b3-ott-12-2373] Researchers have identified common risk factors for HCC occurrence along with the increased incidence rate such as: liver cirrhosis, viral infections and metabolic diseases.[@b4-ott-12-2373]--[@b6-ott-12-2373] Despite advances in therapeutic methods including: surgery, chemotherapy and radiotherapy, the prognosis and outcomes of patients suffering with HCC are still dismal.[@b7-ott-12-2373] Thus, more effective therapies are urgently needed to meet the clinical requirements of HCC treatment. In recent studies, targeted therapy has attracted attention in the treatment of various human cancers.[@b8-ott-12-2373] This therapeutic strategy mainly relies on the identification of molecular targets with obvious clinical and functional roles in disease progression.[@b9-ott-12-2373],[@b10-ott-12-2373] Therefore, we considered that it is important to discover novel therapeutic target molecules for HCC.

MicroRNAs (miRNAs) have been highlighted in recent research for their critical roles in tumor initiation and development.[@b11-ott-12-2373],[@b12-ott-12-2373] They are a group of small RNAs without the capacity of protein-coding, and have important regulatory functions in gene expression at post-transcriptional levels.[@b13-ott-12-2373] MiRNAs have been reported to be involved in various biological processes, such as cell proliferation, differentiation, invasion, migration, cell cycle and cell apoptosis, in both normal and abnormal cells, especially tumor cells.[@b14-ott-12-2373],[@b15-ott-12-2373] Emerging evidence has indicated that miRNAs could modulate tumor progression by regulating oncogenes or tumor suppressors in different types of human cancer.[@b16-ott-12-2373] Additionally, they serve as oncogenes or tumor suppressors themselves, and thus are used as therapeutic targets in diverse malignancies.[@b17-ott-12-2373],[@b18-ott-12-2373] MicroRNA-664 (miR-664) has been reported to be involved in tumor growth, cell differentiation and apoptosis in some cancers.[@b19-ott-12-2373],[@b20-ott-12-2373] A previous study found upregulation of miR-664 in HCC samples compared with normal controls.[@b21-ott-12-2373] However, the clinical significance and functional role of miR-664 in HCC remains elusive, and warrants in-depth studies.

To explore novel therapeutic targets and further understand the role of miR-664 in HCC, we investigated the expression patterns of miR-664 in HCC samples, assessed its prognostic value, as well as its biological function in tumor progression.

Patients and methods
====================

Patient selection and tissue collection
---------------------------------------

This study was carried out in accordance with the Declaration of Helsinki and was approved by the Ethics Committee of the Qianfoshan Hospital affiliated to Shandong University (Shandong, China). Written informed consent was obtained from each patient. HCC and non-cancerous tissue were collected from 134 HCC patients who underwent surgery in the Qianfoshan Hospital affiliated to Shandong University (Shandong, China) between 2009 and 2012. All tissue specimens were evaluated and approved by two experienced pathologists and immediately frozen in liquid nitrogen for RNA extraction. The enrolled patients had not received any preoperative therapy. The clinicopathological characteristics of the patients are summarized in [Table 1](#t1-ott-12-2373){ref-type="table"}. After the surgery, patients were followed up for 5 years, and their survival information was recorded for subsequent survival analysis.

Cell culture and transfection
-----------------------------

Three HCC cell lines, Huh7, Hep3B, MHCC97, and one normal human hepatic cell line LO2 were purchased from the American Type Culture Collection (ATCC). A normal human hepatic cell line LO2 was obtained as negative control. All these cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM, Thermo Fisher Scientific, Waltham, MA, USA) with 10% fetal bovine serum (FBS, Gibco, CA, USA) added at 37°C in a humidified atmosphere with 5% CO~2~.

To regulate the expression of miR-664 in HCC cells, cell transfection was performed using Lipofectamine 2000 (Thermo Fisher Scientific) as per the manufacturer's instructions. The vectors used in cell transfection were as follows: miR-664 mimic, miR-664 inhibitor and the corresponding negative controls (mimic NC and inhibitor NC). In addition, the cells transfected with only transfection reagent were set as mock group. All the vectors were obtained from GeneCopoeia (Guangzhou, China).

RNA extraction and quantitative real-time polymerase chain reaction (qRT-PCR)
-----------------------------------------------------------------------------

Total RNA was obtained from the HCC tissues and cells using TRIzol reagent (Thermo Fisher Scientific), and evaluated by NanoDrop 2000 (Thermo Fisher Scientific). The pure RNA was reverse transcribed into cDNA by a Prime-Script RT reagent kit (TaKaRa, Shiga, Japan). All these experiments were carried out following the manufacturers' protocols.

Expression levels of miR-664 were measured using qRT-PCR, which was performed using SYBR green I Master Mix kit (Thermo Fisher Scientific) and 7300 Real-Time PCR System (Thermo Fisher Scientific). The relative expression of miR-664 was calculated by 2^−ΔΔCt^ method and normalized to U6. The sequences of the primers were as follows: miR-664 forward: 3′-ACACTCCAGCTGGGTATTCATTTATCCCCAGC C-5′, reverse: 3′-CTCAACTGGTGTCGTGGA-5′; U6, forward: 5′-GCTTCGGCAGCACATATACTAAAAT-3′, reverse: 5′-CGCTTCACGAATTTGCGTGTCAT-3′.

CCK-8 assay
-----------

Cell proliferation of HCC cells was examined using the CCK-8 assay (Dojindo, Kumamoto, Japan) as per the manufacturer's protocols. The stably transfected cells were seeded into 24-well plates at a cell density of 5×10^4^/mL, and cultured for 24, 48 and 72 hours at 37°C before addition of CCK-8 (5 mg/mL) to the cultures. The wells were maintained at 37°C for a further 1 hour, then examined using a Thermomax microplate reader at an absorbance of 450 nm. This experiment was repeated three times.

Transwell assay
---------------

Cell migration and invasion of HCC cells were investigated using the Transwell assay with 8 µm pore size Transwell chambers (Corning Incorporated, Corning, NY, USA). The upper chambers included serum-free DMEM medium and were coated with Matrigel (Corning Incorporated) for invasion analysis. The lower chambers were filled with DMEM supplemented with 10% FBS. After successful transfection, cells were seeded into upper chambers at a cell density of 5×10^4^/mL and cultured at 37°C for 24 hours. The migrated and invaded cells were stained and counted under an inverted microscope (Olympus Corporation, Tokyo, Japan).

Luciferase reporter assay
-------------------------

In order to investigate the molecular mechanisms underlying the role of miR-664 in HCC, the potential targets of miR-664 were predicted using TargetScan. By the prediction, the complementary sequence was found in the 3′-UTR of SIVA1, which represents an apoptosis-inducing factor. In this study, we used luciferase reporter assay to confirm this potential target gene in MHCC97 cells. The firefly luciferase reporter vectors with Renilla luciferase (Promega, Fitchburg, WI, USA) were constructed with the wild-type 3′-UTR, mutant-type 3′-UTR or control vectors. The cells were seeded into 24-well plates and the constructed vectors were co-transfected with the miR-664 mimic or miR-664 inhibitor. After 48 hours incubation, the luciferase activity was measured using a SecrePair Dual-Luciferase Reporter System (Promega).

Statistical analysis
--------------------

All data were expressed as a mean ± SD and assessed using SPSS 18.0 software (SPSS Inc., Chicago, IL) and GraphPad Prism 5.0 software (GraphPad Software, Inc., La Jolla, CA, USA). Differences between two groups were analyzed using Student's *t*-test, and comparison between multiple groups was assessed by one-way ANOVA followed by Tukey's multiple comparison test. Kaplan--Meier survival analysis was performed to plot survival curves based on miR-664 expression in patients with HCC. The prognostic value of miR-664 was confirmed using Cox regression analysis. A *P*-value \<0.05 was considered statistically significant.

Results
=======

Expression of miR-664 in HCC tissues and cells
----------------------------------------------

According to qRT-PCR, the expression of miR-664 in HCC tissues was significantly higher than that in the normal controls (*P*\<0.01, [Figure 1A](#f1-ott-12-2373){ref-type="fig"}). Our research cohort included 48 cases with well differentiated tumors, 44 cases with moderately differentiated tumors and 42 cases with poorly differentiated tumors, and the expression of miR-664 in different differentiation groups was analyzed to preliminarily investigate the role of miR-664 in tumor development. We found that the expression of miR-664 was elevated as the differentiation degree decreases ([Figure 1B](#f1-ott-12-2373){ref-type="fig"}). The highest expression of miR-664 was detected in the group with poor differentiation (all *P*\<0.05). In addition, the expression of miR-664 in HCC cells was also increased compared to the normal cells (all *P*\<0.05, [Figure 1C](#f1-ott-12-2373){ref-type="fig"}). And the miR-664 expression was extremely high in Huh7 and MHCC97 (all *P*\<0.01) among the three HCC cell lines.

Relationship between miR-664 expression and clinicopathological features of HCC patients
----------------------------------------------------------------------------------------

The research cohort was divided into two subgroups (low/high miR-664 expression group) based on the mean level of miR-664 (1.651). The association of miR-664 expression with clinicopathological characteristics was examined to understand its role in tumor development. The results listed in [Table 1](#t1-ott-12-2373){ref-type="table"} showed that miR-664 expression was associated with lymph node metastasis (*P*=0.021), TNM stage (*P*=0.019) and tumor differentiation (*P*=0.036). The correlation between miR-664 and other clinical factors such as: age, gender, tumor size, cirrhosis and alpha fetoprotein (AFP), was not identified in this analysis (all *P*\>0.05).

Prognostic value of miR-664 in patients with HCC
------------------------------------------------

To evaluate the prognostic value of miR-664 in HCC, the Kaplan--Meier survival curves and Cox analysis were conducted. The survival curves shown in [Figure 2](#f2-ott-12-2373){ref-type="fig"} revealed that the patients with high miR-664 levels had a shorter overall survival compared with those with low miR-664 levels (log-rank *P*=0.004). Furthermore, multivariate Cox analysis indicated that miR-664 (HR=1.945, 95% CI=1.078--3.508, *P*=0.027) and TNM stage (HR=1.759, 95% CI=1.050--2.948, *P*=0.032) were two independent prognostic factors ([Table 2](#t2-ott-12-2373){ref-type="table"}).

MiR-664 promotes cell proliferation of HCCcells
-----------------------------------------------

To further understand the functional role of miR-664 in HCC progression, the effects of miR-664 on biological behavior of HCC cells were determined. Cell transfection was performed in Huh7 and MHCC97 cells, which had remarkably high miR-664 expression levels, to modulate the expression of miR-664 in tumor cells. As shown in [Figure 3A and B](#f3-ott-12-2373){ref-type="fig"}, we found predictably increased miR-664 in the miR-664 mimic group, and markedly decreased miR-664 in the miR-664 inhibitor group compared with the controls (all *P*\<0.01). The tumor cell proliferation measured by CCK-8 assay was promoted by overexpres-sion of miR-664, while was suppressed by knockdown of miR-664 in both Huh7 and MHCC97 cell lines (all *P*\<0.05, [Figure 3C and D](#f3-ott-12-2373){ref-type="fig"}).

MiR-664 enhances cell migration and invasion of HCC cells
---------------------------------------------------------

In addition to proliferation, migration and invasion were also assessed under the alteration of miR-664 in HCC cells. We found the cell migration was enhanced in cells with miR-664 overexpression but was inhibited in cells with miR-664 reduction (all *P*\<0.05, [Figure 4A and B](#f4-ott-12-2373){ref-type="fig"}). Similarly, the upregulation of miR-664 could promote, whereas the down-regulation of miR-664 could suppress the capacity of invasion in Huh7 and MHCC97 cells (all *P*\<0.05, [Figure 4C and D](#f4-ott-12-2373){ref-type="fig"}).

SIVA1 is a target gene of miR-664 in HCC cells
----------------------------------------------

According the target gene prediction, we found that the 3′-UTR of SIVA1 has complementary sequence of miR-664 ([Figure 5A](#f5-ott-12-2373){ref-type="fig"}). The luciferase reporter analysis was then carried out to confirm this target gene. As shown in [Figure 5B](#f5-ott-12-2373){ref-type="fig"}, the luciferase activity in the cells with SIVA1 wild-type 3′-UTR (SIVA1-3′-UTR-WT) was remarkably downregulated by the upregulation of miR-664 (*P*\<0.001), while it was upregu-lated by the knockdown of miR-664 (*P*\<0.001). No effect of miR-664 was observed on the luciferase activity in the cells with SIVA1 mutant-type 3′-UTR (SIVA1-3′-UTR-MT) (all *P*\>0.05).

Discussion
==========

Accumulated evidence has revealed that miRNAs are causally associated with the pathogenesis of various diseases, especially the human cancer.[@b22-ott-12-2373] They play important roles in tumor initiation and progression in different types of cancers, including HCC. Deng et al reported that miR-29a expression was increased in cholangiocarcinoma tissues and associated with tumor lymph node metastasis, differentiation and clinical stage, indicating the potential oncogenic role of miR-29a in tumor development.[@b23-ott-12-2373] Another study found that deregulation of miR-584 in thyroid carcinoma could suppress tumor cell migration and invasion by regulation of the oncogene ROCK1.[@b24-ott-12-2373] In HCC, downregulation of miR-542--3 p has been demonstrated to be involved in the promotion of tumor metastasis and invasion in HCC cells by activating the TGF-β/Smad signaling pathway.[@b25-ott-12-2373] Another example for miR-342--3 p also indicated the inhibiting effects of miR-342--3 p on cell proliferation and tumor growth in HCC.[@b26-ott-12-2373] These previous data suggested that it is important to identify functional miRNAs in tumor progression for improvement of cancer treatment.

Dysregulation of miR-664 has been proven to be involved in tumor progression with critical clinical and functional roles. A study by Wu et al[@b27-ott-12-2373] demonstrated that miR-664 expression was decreased in breast cancer tissues and cells, and inhibited tumor progression in breast cancer cells. Decreased expression of miR-664 has also been reported in cervical cancer samples and was associated with tumor cell growth by regulation of E-Cadherin.[@b28-ott-12-2373] By contrast, upregulated expression of miR-664 in lung cancer has been reported in a study by Zhu et al,[@b29-ott-12-2373] which also found that miR-664 overexpression could promote tumor cell proliferation, migration and invasion. Similarly, the expression of miR-664 in osteosarcoma was elevated compared with the normal controls and had facilitated effects on carcinogenesis of this malignancy.[@b30-ott-12-2373] Given the previous evidence, we considered that the expression of miR-664 may vary with the types of human cancer.

In the present study, we found the expression of miR-664 was significantly upregulated in HCC tissues and cell lines compared to the normal controls. This result was consistent with the previous research by Yang et al,[@b21-ott-12-2373] which also reported the increased expression of miR-664 in HCC samples. In addition, the expression of miR-664 was found to be increased as the degree of differentiation decreases, indicating that miR-664 may be correlated with tumor development. To further analyze the role of miR-664 in HCC pathogenesis, we assessed the clinical significance and biological function of miR-664 in HCC. According to the chi-squared test, we found that high miR-664 expression was associated with positive lymph node metastasis, advanced TNM stage and poor differentiation of HCC patients, indicating that miR-664 may be involved in aggressive development of HCC. The survival curves plotted using the Kaplan--Meier method revealed that patients with high miR-664 expression had the worst overall survival compared with those with low miR-664 expression. Furthermore, the multivariate Cox analysis indicated that miR-664 was an independent prognostic factor in HCC. Collectively, the upregulated miR-664 expression predicted poor prognosis of HCC.

To understand the role of miR-664 in tumor progression of HCC, the effects of miR-664 expression on proliferation, migration and invasion of HCC cells were consequently investigated. The expression of miR-664 in HCC cells was modulated by cell transfection with the use of miR-664 mimic and miR-664 inhibitor. After the regulation of miR-664, we found that the upregulation of miR-664 enhanced, whereas the downregulation of miR-664 inhibited the capacities of proliferation, migration and invasion of HCC cells. The dysregulation of miR-664 has been previously reported to regulate biological behavior in other tumor cells. In T-cell acute lymphoblastic leukemia cells, miR-664 could promote cell proliferation, migration and invasion by targeting PLP2.[@b31-ott-12-2373] In osteosarcoma cells, overexpression of miR-664 facilitated cell migration and invasion by downregulation of SOX7.[@b32-ott-12-2373] Furthermore, we predicted and confirmed that SIVA1 was a direct target of miR-664 in HCC cells. SIVA1 is a pro-apoptotic protein and serves as a critical role in certain apoptosis signaling pathways.[@b33-ott-12-2373] A previous study by Ma et al[@b34-ott-12-2373] indicated that SIVA1 could suppress ovarian cancer cell proliferation, migration and invasion by phosphorylating Stathmin. Similarly, Li and his colleagues also found that SIVA1 could inhibit the epithelial-mesenchymal transition in breast cancer cells by regulation of Stathmin.[@b35-ott-12-2373] Stathmin is also known as oncoprotein 18 and is a microtubule desta-bilizing protein. It is reported that the phosphorylation and inactivation of Stathmin leads to the suppression of cell proliferation, migration and invasion in various human cancers, including HCC.[@b36-ott-12-2373],[@b37-ott-12-2373] Thus, we suspected that the promoting effect on HCC cell proliferation, migration and invasion by miR-664 may be exerted by activating Stathmin via the downregulation of SIVA1. The supposed molecular mechanism is outlined in [Figure 6](#f6-ott-12-2373){ref-type="fig"}. However, the understanding of the mechanisms underlying the role of miR-664 in HCC remains limited and our hypothesis regarding to the related mechanisms needs to be verified in further studies.

Conclusion
==========

Taken together, all data in our study revealed that overex-pression of miR-664 serves as an independent prognostic biomarker in patients with HCC, and promotes proliferation, migration and invasion of HCC cells. These data indicated that miR-664 may be a potential therapeutic target for therapy in HCC.
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![Expression of miR-664 in HCC tissues and cell lines.\
**Notes:** (**A**) MiR-664 expression was higher in HCC tissues than that in the normal controls. (**B**) MiR-664 expression increased as the degree of differentiation decreased. The highest expression of miR-664 was found in the poorly differentiated group (^\*^*P*\<0.05 was compared with the well differentiated group; ^\*\*^*P*\<0.01 was compared with the well differentiated group; ^\#^*P*\<0.05 was compared with the moderate differentiated group). (**C**) Expression of miR-664 was increased in the three HCC cell lines (Huh7, Hep3B and MHCC97) compared with the normal cells (LO2) (^\*^*P*\<0.05, ^\*\*^*P*\<0.01).](ott-12-2373Fig1){#f1-ott-12-2373}

![Kaplan--Meier survival curves for HCC patients with different miR-664 expression levels.\
**Note:** Patients with high miR-664 levels had poor overall survival compared with those with low miR-664 expression (log-rank *P*=0.004).\
**Abbreviation:** HCC, hepatocellular carcinoma.](ott-12-2373Fig2){#f2-ott-12-2373}

![Effects of miR-664 on proliferation of HCC cells.\
**Notes:** (**A**, **B**) Expression of miR-664 was upregulated by miR-664 mimic and was downregulated by miR-664 inhibitor. (**C**, **D**) Upregulation of miR-664 could enhance, whereas downregulation of miR-664 could suppress cell proliferation in both Huh7 and MHCC97 cell lines. ^\*^*P*\<0.05, ^\*\*^*P*\<0.01, ^\*\*\*^*P*\<0.001.\
**Abbreviations:** HCC, hepatocellular carcinoma; NC, negative control.](ott-12-2373Fig3){#f3-ott-12-2373}

![Effects of miR-664 on capacities of migration and invasion of HCC cells.\
**Notes:** (**A**, **B**) Cell migration was promoted by miR-664 overexpression but was inhibited by miR-664 reduction. (**C**, **D**) Cell invasion was facilitated by upregulation of miR-664, while was suppressed by knockdown of miR-664. ^\*^*P*\<0.05, ^\*\*^*P*\<0.01.\
**Abbreviations:** HCC, hepatocellular carcinoma; NC, negative control.](ott-12-2373Fig4){#f4-ott-12-2373}

![SIVA1 is a potential target gene of miR-664 in HCC cells.\
**Notes:** (**A**) The 3′-UTR of SIVA1 has complementary sequence of miR-664. (**B**) Luciferase activity in the cells with SIVA1 wild-type 3′-UTR (SIVA1-3′-UTR-WT) was remarkably downregulate by the upregulation of miR-664, while was upregulated by the knockdown of miR-664. ^\*\*\*^*P*\<0.001.\
**Abbreviations:** HCC, hepatocellular carcinoma; NC, negative control; MT, mutant type; WT, wild type.](ott-12-2373Fig5){#f5-ott-12-2373}

![A flow-diagram representing the molecular mechanism underlying the role of miR-664 in HCC.\
**Abbreviation:** HCC, hepatocellular carcinoma.](ott-12-2373Fig6){#f6-ott-12-2373}

###### 

Relationship between miR-664 expression and clinic-opathological features of HCC patients

  Features                Total no n=134   miR-664 expression   *P*-values   
  ----------------------- ---------------- -------------------- ------------ -------
                                                                             
  Age (years)                                                                0.910
   ≤50                    51               21                   30           
   \>50                   83               35                   48           
  Gender                                                                     0.862
   Female                 49               20                   29           
   Male                   85               36                   49           
  Tumor size (cm)                                                            0.161
   ≤5                     67               32                   35           
   \>5                    67               24                   43           
  Cirrhosis                                                                  0.716
   Negative               43               17                   26           
   Positive               91               39                   52           
  AFP (µg/L)                                                                 0.771
   ≤400                   77               33                   44           
   \>400                  57               23                   34           
  Lymph node metastasis                                                      0.021
   Negative               68               35                   33           
   Positive               66               21                   45           
  TNM stage                                                                  0.019
   I--II                  63               33                   30           
   III--IV                71               23                   48           
  Differentiation                                                            0.036
   Well + Moderate        92               44                   48           
   Poor                   42               12                   30           

**Abbreviations:** HCC, hepatocellular carcinoma; AFP, alpha fetoprotein.

###### 

Multivariate Cox regression analysis for miR-664 in HCC patients

  Variables               Multivariate analysis                  
  ----------------------- ----------------------- -------------- -------
                                                                 
  MiR-644                 1.945                   1.078--3.508   0.027
  Age                     1.102                   0.660--1.839   0.710
  Gender                  1.097                   0.641--1.877   0.734
  Tumor size              1.170                   0.691--1.979   0.559
  Cirrhosis               1.242                   0.751--2.053   0.399
  AFP                     1.118                   0.684--1.827   0.656
  Lymph node metastasis   1.530                   0.914--2.561   0.106
  TNM stage               1.759                   1.050--2.948   0.032
  Differentiation         1.395                   0.845--2.304   0.194

**Abbreviations:** AFP, alpha fetoprotein; HCC, hepatocellular carcinoma.
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